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I. INTRODUCTION

S1. 1 Summary of Work

This report describes our work for the period 1 May 1989 to 31 March 1991. The work has

been strongly focused on the development of high-efficiency surface-normal Fabry-Perot
cavity modulators, in particular the asymmetric Fabry-Perot modulator (AFPM). In contrast
to the high-finesse, refractive index-tuned, symmetric cavity type of modulator (SFPM), on

which we first reported under contract #85-0323, the AFPM utilizes the electroabsojriv,
properties of the intra-cavity medium - normally a GaAs-AlGaAs multiple quantum well
structure - to balance the initially unbalanced (asymmetric) mirrors of a low-finesse cavity, thus

making it possible to achieve high-contrast ratio, very efficient transfer function with low

operating voltage, low insertion loss and, importantly, significantly wider optical bandwidth

than for the SFPM. During this period we made one of the initial demonstrations of the
AFPM, where we achieved a contrast ratio of 22:1 in reflection, at a d.c. operating vo. age of

1 1V, and with only 3.7dB insertion loss.

After these encouraging results our efforts were directed towards optimizing the AFPM
performance, particularly reduction of the operating voltage, whilst maintaining high optical

efficiency. By reducing the thickness of the device active region, and increasing the finesse of

the cavity to compensate, we were able to demonstrate a record reflection transfer function of
more than 20% per volt, i.e. 47% AR for only 2V bias swing, and a peak contrast ratio of

=70:1 with 3V swing. Together with the experimental work, we have simultaneously carried
out a theoretical optimization of the AFPM and an analysis of its tolerance to variations in such

I parameters as operating wavelength, voltage swing, cavity thickness and operating

temperature.

Using the blue shift of the absorption edge in a superlattice (SL) structure (Field-Induced Stark
Localization), which we made the first observation of under contract #85-0323, we have also

demonstrated the first normally-off AFPM, i.e. where the device reflectivity is increased from a

low value (off state) as increasing reverse bias is applied. With this characteristic the device is

capable of operating as a SEED (self electro-optic effect device - a type of optoelectronic

switch), and we have duly demonstrated an SL-AFPM-based SEED, with the highest on:off

Iratio ever reported (> 100:1).

-3-



Whilst shifting emphasis toward the AFPM during this period, the SFPM has still been under

investigation. We have succeeded in reducing the operating voltage and improving the contrast

whilst assessing the limits on efficient modulation. SFPM devices suitable for high frequency

measurements have been fabricated and shown to have up to - 6 GHz bandwidth - an RC

limitation determined by the device size. In the near future we expect to have an improved

fabrication process, allowing reduced device dimensions and bandwidths in the 10s of GHz

range.

Current work is still aimed at device efficiency optimization. There is some desire to see a

voltage swing compatible with ECL for high-speed optical interconnects. We have begun to

investigate wider quantum well widths (with greater field sensitivity of QCSE, and less

sensitivity to well width fluctuations) for the device active region, and the reduction of barrier

width, in order to maximize the absorption change for a given applied voltage.

I-
I

I
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1.2 Experimental Work on Tranverse Electro-Optic Modulators

Highly efficient electro-absorption and electro-refraction effects in semiconductor multiple
quantum wells and superlattices, along with increased system demands have advanced high-
performance optical modulators which can be used in various applications: as an intra-laser-
cavity controlling device, transmitter of telecommunications including interconnections for
integrated circuits, and optical information processing. Among various design issues for
practical applications, one of the important considerations is low drive power, e.g. low
operating voltage swing in electro-optic modulators. Waveguide (in-plane) devices tend to

provide low drive voltages (-l volt) because the field is applied perpendicular to the light
propagation direction [11; however, the coupling of the light into the waveguide adds
complexity to practical implementations. On the other hand, although coupling is relatively
easy, surface-normal (transverse) devices tend to require high drive voltages (>10 volts) due to

short interaction lengths [1].

Another important device parameter is the amount of electrical input power that is modulated
onto the optical output power. Using as a figure-of-merit the normalized electro-optic transfer
function (My) [2], defined as the percentage modulation of the input light per unit driving

voltage, to relate the transfer function of electro-optic modulators between the electrical and
optical signals, it can be seen that previous transverse modulators have Mv's of < 8 %/V, and

I efficient waveguide modulators have a representative value of < 15 %/V [I].

Figure I. 1 briefly summarizes the performances of various transverse modulators in terms of
required voltage swing, reflectivity (or transmission) change, and contrast ratio between on and
off states. Basic structures of the listed devices are also shown in the inset, although details
can be found in the cited references. Dashed lines represent various normalized transfer
functions. Due to the large excitonic absorption strength of the quantum confined Stark effect

(QCSE), all devices except one use multiple quantum wells (MQWs) as the electro-optic

medium. As indicated, one of the closed-square points (sn) represents an asymmetric Fabry-
Perot (AFP) modulator using the Wannier-Stark localization effect of superlattices [3].

The first demonstration of transverse modulators by Wood et al. [1] in 1985 employed a simple
PIN-MQW transmission configuration with the QCSE. Although more than 30% transmission
has been obtained with only 8 volts, the contrast ratios are quite limited ( <3 dB).

I
-5-
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Figure 1.13 A performance comparison of various transverse modulators. The schematic structures of the devices are shown
in the inset on the top. The dashed line represents different normalized transfer function from 1 to 20 %/V. The
numbers are the contrast ratios [references]. The average waveguide performance is also included for reference.
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Using the simple transmission configuration, the contrast ratio has been improved to - 7 dB [4]

by using a much thicker active region, but the required voltage increases and therefore M,

decreases. By incorporating a single reflector (monolithically grown quarter-wavelength stack,

or deposited-metal) on one side of the active region and an anti-reflection layer on the other

side, the effective interaction length is doubled from the simple transmission configuration

[5,61. Both the contrast and the transfer function are doubled for the same voltage swing.

As seen from Figure 1. 1, M increases from 0.8 to 1.5 %/V due to the addition of the reflector.

Such an advance has very important implications. With our in-house MBE growth facility,
layers of thickness on the order of a quarter-wavelength can be deposited with great accuracy.

Therefore, in addition to quantum-confined structures for electrons, we are also able to grow
multi-layer quarter-wave stack mirrors with which to confine the optical energy. This enhances

the interaction between the electronic and the opdical waves without increasing the physical

length of the device.

Using two reflectors to form a Fabry-Perot (FP) cavity [7,8], the interaction length can be

increased even more, and the amount of enhancement depends on the finesse given by the

mirror reflectvities [9]. Although the introduction of FP structures places a limit on the optical
bandwidth, BW o (see Fig. 111.11), over which the device can be operated, the required voltage
swing is greatly reduced. Therefore, as long as BW o remains large enough, e.g., no less than

the room temperature linewidth of quantum well heavy hole exciton absorption peak, the use of

FP structuics to improve the performance is justified.

U Both electro-refraction [7,8] and electro-absorption [10] effects can be used with FP structures.

To use the electro-refraction effect, the mirror reflectivities on both sides of the 11 cavity are

designed to be the same (index-tuned symmetric FP or SFPin), and the index change is used
to tune the FP mode to achieve the modulation. Depending on the operating wavelength, the

device can be normally-on (reflecting with no bias) or normally-off (reflecting with bias). As

much as 4 %/V has been achieved with contrast ratios more than 15 dB [9]. However, due to

relatively large finesse, BW o is quite limited (- 5A).

Although both electro-absorption and electro-refraction effects can be used with multiple

quantum wells (MQWs), the electro-refraction effect should be used at a wavelength that is

away from the sharp excitonic absorption edge, in cr-der to avoid any induced absorption

change and to lose the advantages of sharp excitonic features [ 11]. Since both effects are

-7-I



I reduced with separation from the excitcn, it is generally true that MQWs work more efficiently

in the electro-absorption mode than in the electro-refraction mode; that is, FPs with an

absorption change (Aa) tend to operate with lower voltages than the SFPAn, or for the same

voltage, they have wider BW o . However, SFPAn devices switch the light instead of absorbing

it, and such an operating mode can be quite useful for photonic switching and communication

applications in which one wishes to preserve the optical energy. We report some of our more

recent results for SFPAn modulators in Sectcns H & IV.

Unequal mirrors are used with electro-absorption effects to implement asymmetric Fabry-Perot

(AFP) modulators [11,12]. The modulation mechanism is as follows. Without cavity loss, the

overall reflectivity is quite high if the bottom mirror reflectivity is made close to unity and the

top mirror reflectivity is significantly less. With applied fields, the increased cavity loss

reduces the effective reflectivity from the bottom mirror at the top surface, and the overall

reflectivity can be made zero when the effective reflectivity from the bottom has an equal

magnitude to the top mirror reflectivity, yielding the off state. The first experiments with AFPs

simply used the semiconductor-air interface as the top mirror [10,12], and comparable Mv's are

obtained with significantly wider BWo's (>3 nm) than for SFPAn's.

More importantly, when a - 75% reflectivity top mirror is used, a voltage swing as low as 2

volts is enough to change the device reflectivity by more than 40 %, i.e. > 20 %/V [131. Such

an Mv represents the-state-of-the-art in transverse modulator performance, and we will discuss

such a device family using asymmetric Fabry-Perot structures in more detail in this report.

I-

I
I
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II. Symmetric (Electrorefractive) Fabry-Perot Modulators (SFPMs)

11.1. Review of Operating Principles

As we explained in our last report, the intent behind incorporating a Fabry-Perot '6talon into a

MQW electrooptic modulator is to increase the interaction length between the active material

and the light beam, as compared to simple transmission or double-pass reflection designs
[4-6]. Modulation is achieved by modifying the shape of a Fabry-Perot cavity resonance with

an electric field. We began our work on Fabry-Perot modulators by concentrating on
modulation of the refractive index in high-finesse structures, which phase shifts the cavity
resonance. This is shown below schematically in Fig. II.1. Since then our attention has

shifted to low-finesse asymmetric FPMs, which offer the advantage of increased optical

bandwidth (see Section III). For some applications, however, such as a four-port optical
switch, which requires the modulator to operate simultaneously in transmission and reflection,

the symmetric version retains its appeal.

I
SFPM

Symmetric Fabry-Perot Modulator (SFPM)

" ~(V No bis I  With bias 
Ra (b' OotI o lNo bias

Use
Il) felectro-refraicc n

to phase-s':t
A- 

X

I 3 Wavelength

3 Figure II-1.

Efficient modulation in a high-linc-,c FP cavity is effected by shifting the cavity resonance through

clectrorefracton.

I
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11.2. Performance of SFPMs

In our last report we presentzd measurements of a symmetric MQW FP modulator with a

contrast ratio of -10:1 for drive voltages as low as 7 V. Since then, we have grown and
characterzed similar modulators with contiast ratios as high as 30:1 with an 8 V bias.J9] The
device performance (contrast ratio, insertion loss, drive voltage) depends largely on the
placement of the FP resonance, which is determined by the exact cavity length. To illustrate
the effect of resonance placement relative to the exciton wavelength, we present here
measurements of two SFPMs fabricated from the same MBE-grown wafer. The device
structure consists of a 9-period front mirror and a 12.5-period back mirror, with a nominally

0.75 pm layer of MQW material (100A GaAs/100A A10.2Gao. 8As). We intentionally refrained
from rotating the wafer during growth of the active region in order to produce devices with a

range of operating wavelengths. The structure is shown schematically below.

n I pedoid ndrr , p. AkJ"AIla"o (xw0.2) lMN

37 pedxh d10AM'OU 10A AIPM~W --.

Figure 11.2
A schematic of the reduced voltage/improved contrast SFPM structure for which data are presented on the
following pages.

The effect of operating with the F:P resonance at two different wavelengths relative to the MQW

absorption edge is illustrated irn Figures II.3-11.6. Device "FP8D9", for example, has the
operating wavelength at l 857nrn and 7.8 nm separation between the FP resonance and the
heavy hole exciton, while device EP8El" has its FP' resonance at --878nm and a AFP/eXCiton of
25rim.

-10-
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Measured reflection spectra, obtained using microscope-based system, for a FP structure with 9-period top

mirror, 12.5-period bottom mirror and 31/n-thick MQW active medium. The wavelength separation between the
FP resonance and the excitonic heavy-hole absorption, Aip/exc, is 7.8nm in this case.
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Figure 11.5
Contrast ratio and AR vs V for MQW-based active structure used for data of Fig. IU.3. The bias is changed from
OV to 5 V. The FP mode is quite close to the exciton absorption edge (AFp/exc = 9.9 nm), and there is some

absorption at zero field, causing the reflection at the FP resonance to be non-zero; the contrast ratio is thus
reduced. The FP mode shift at lower fields is accentuated and the voltage required to for a high AR is reduced.

The data in Fig. 11.5 show that a device such as "FP8D9" which operates relatively close to the

absorption edge requires less bias to shift the FP resonance, and has lower insertion loss, but

also has limited contrast because of its higher zero-field absorption. Operating relatively far

away from the absorption edge (device "FP8E1", Fig. 11.6) increases the potential contrast but

also increases the drive voltage and insertion loss.

FPOE1
20 .. . . 0.3

S/ 0.2

s .0.3

0 .. 0.4

870 87S ago es go
Wavelength (nm)

Figure 11.6
Contrast ratio and AR vs V for MQW-based active structure used for data of Fig. 11.4. The bias is changed from
OV to 10 V. AFP/exe is higher for this sample; thus it takes more voltage to shift the resonance. The FP mode

dips quite sharply to zero, making the contrast ratio high.

1
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I

IlI. Asymmetric (Electroabsorptive) Fabry-Perot Modulators

(AFPMs)

11I.1 AFPM Operating PrinciplesI
A Fabry-Perot structure with MQW as the active material can either operate with electro-

absorption or electro-refraction effects by designing the Fabry-Perot mode to locate closer to or

further away from the excitons. The latter mode of operation has been described in detail in
Ref. [9] where the mirrors on both sides of the cavity are made symmetric, i.e. equally
reflective. To make use of the electro-absorption effect, the Fabry-Perot cavity can be
symmetric or asymmetric. As will be discussed later in Section 11.5, the asymmetric FP

(AFP) structure [10,12] is found to be the more efficient structure for low voltage operation.

The top (bottom) mirror of an AFP structure has an amplitude reflection coefficient of rt(b) and

power reflectivity of RT(B)=Ir0)12, viewed from the cavity. And RB>RT is used in the design.

The transmission coefficient of the top mirror is t. As the input light with an electric field

amplitude of a, is incident upon the top surface, the top mirror reflects a portion the input field

of an amplitude

aot - rt a(1)

where the reflection from the top mirror viewed from the surface, -rt is in the opposite phase of

the reflection viewed from the cavity, rt. We choose a reference plane so that rt>0. With this

choice of reference plane, the transmission coefficient tt is a real number [14]. The total

reflection in amplitude from the bottom mirror is the sum of all possible multiple reflections:

aob = X aobm = (tt)2 [(rbexp(-cl)) +...+ (rbexp(-cI)Xrtrbexp(-al))"n' +..] ai
m=1

= (tt)2rbexp(-al) (2)

1 - rtrbexp(-al)

where a is the absorption coefficient in the cavity. We show various reflected components

schematically in Figure III.1 (a) and (b) for the case of a=O and a=ln(rb/rt), respectively.

Adding (1) and (2), we obtain the total amplitude reflection rto as:

-13-
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Ii/V aoabl aOb2

I RT' RB c1e. ..*

(a) (b)
Figure III.1
Schematic drawing of the operating principle for asymmetric Fabry-Perot absorption modulator. (a) low loss,

and (b) high loss.

aot + aobm
rtt m=lrtotal =  ai

I - rt + rbexp(-al) (3)
1 - rtrbexp(-al)

where we have assumed the top mirror is lossless, i.e. Irt12+Itt2=l. Very importantly, we have

rtota,=O when the condition of Figure 111.1(b) (i.e., cz=ln(rb/rt)) is satisfied. Note that in this

case, aob/a i = - adai. On the other hand, rtot8 I remains quite large when C--0 as in Figure

111. 1 (a), where a0b/ai > - at/ai.

Written in terms of the power reflectivity, RFp=lrtoW 2 is given as

RFP = -i -' B" exp(-c 1 2 (4)1R-p=,11 .Bexp(-od)!-

-14-I
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Figure 111.2
Reflectivity of the AFP as a function of the cavity loss and cavity length product for top mirror reflectivity of

0.32 and 0.78.

Assuming RB--0. 97 , Figure 111.2 plots RFp as a function of ol. for two different RT's. In the
experiments described in the next section, we use a quarter wavelength stack of Al0.2Ga 0.8As

and AlAs as the top mirror, and the available mirror reflectivities are discrete from 0.32 to 0.78

as the number of period increases from 0 to 5. As the loss in the cavity changes, the overall
reflectivity of the Fabry-Perot structure is modulated. For example, when xa*l changes from

0.02 to 0.11, the reflectivity changes from 50 % (on) to 0 % (off) with RT--0.7 8 . This is the

basic operating principle of A FP modulators. Depending on whether the absorption increases

(e.g. QCSE) or decreases (Wannier-Stark localization) as the field increases, the device at zero

bias can be either on (normally ,n) or off (normally-off) [15]. The fact that

RB exp(-2xl) = RT (5)

makes RFP zero is the most interesting property of the AFP modulators. Conventional

-15-



absorption modulators can make the device reflectivity arbitrarily small but not absolutely zero
[1]. By designing RT smaller than RB, the (field-induced) absorption makes the effective
reflectivity from the bottom mirror through the cavity loss equal to RT but opposite in phase so

that the net reflectivity equal zero. Since the bandwidth is determined by the resonance width at
the off-level, the bandwidth of the AFP is generally wider than high-finesse Fabry-Perots that
use index modulation, due to its less reflective mirrors at resonance.

In following sections, we show two interesting examples of AFP modulators. The first one
uses an air-semiconductor interface as the top mirror. The second one uses a more optimized
structure to achieve an extremely low drive voltage.

111.2. Initial Demonstration of AFPM with High Contrast

The AFP is composed of a pair of asymmetric mirrors separated by an active spacer layer. The
front end is made less reflective than the bottom grating. In the orignal demonstration, the top

mirror was simply an air-semiconductor interface [12]. The advantage of no grating mirror on
top is to avoid the extra resistivity due to multiple heterojunctions, although graded junctions

can reduce the resistivity [16].

I The structure shown in Figure m.3(a) is grown by molecular beam epitaxy. The bottom
mirror, with a theoretical reflectivity of RB= 9 7 %, was made of 151/2 periods of alternating

725 A AlAs and 625 A Alo.2Gao.8As layers doped with Si to =10~i cm -3 grown on an n+-

GaAs substrate. The active region has 701/2 periods of undoped 100 A GaAs/100 A
Al 0 .2Ga0 .8As multiple quantum wells (MQW). The top layer is a Be-doped -iO' 8 cm- 3

Al0 .1Gao.9As layer, - 0.55 gm thick. Further details are can be found in Ref. [10].

Figure III.3(b) shows a broad-band spectrum of the AFP epitaxial structure without bias. The
apparent stop band width is narrower than that of the grating mirror, due to the absorption of

the active region for wavelengths shorter than -860 nm. The exciton position is also marked

(determined from the narrow band spectrum, discussed below). We did not rotate the wafer
during the growth of the active region and the top layer to provide a slight taper in thickness

over the wafer. In this particular sample, the center resonant mode is around 863 nm, which is

the design value with the refractive index taken from Ref. [17]. We have modeled the
refractive index of the MQW region as given by that of AlGaAs with the Al composition taken

-16-
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as the averaged value of the MQW, 0.1. The mode position in monolithically-grown Fabry-
Perot structures depends on the cavity length as well as the refractive index. Therefore, the

control of thickness and composition, and a knowledge of refractive indices are important for
such structures.

I _ _ _0.

AIAS(Z1 .) 725A > 0.6
A104I XsO2 US A"O

15X U_

IJSXlO 72A 02 avy Hole
AIGaAu x=03 o2 A Modes
AiA@(xul.o) 72SA 0 . '.. . ' .. ... . ....

i .a" 800 850 900 950 1000
WAVELENGTH (nm)

(a) bl

Figure 111.3
(a) Layer structure used in our initial demonstration of the AFPM. See text for doping details.
(b) Broad-band spectrum without bias for the structure shown in (a). The reflectivity is relative to that of a gold
mirror (Rmax - 98%). The heavy hole exciton position as well as the Fabry-Perot modes are indicated.I
Shown in Figure 11.4(a) are the narrow band spectra for reverse bias voltages of 0, 4, 8, and
11 volts for the same device as in Figure 1T.3. The shift of the exciton with electric field is

clearly observed. The positions of the excitons and the Fabry-Perot modes are indicated by the
voltage labels and the dotted curve, respectively. The exciton moves from 850 to 853, 857 and

860 nm, as the field increases from 10 (built-in field) to 40, 70 and 90 kV/cm, respectively.
The result of the exciton shift is an increase of absorption at the resonant wavelength from

600 cm-1 to - 4000 cm-1. The amount of absorption can be roughly estimated from the
calculated reflectivity at resonance, as shown in Figure I.2 with R-r=0.3 2 . Small shifts of the
FP mode are also observable. In this sample the exciton coincides with the FP mode at the

desired loss of -4000 cm-' where the reflectivity becomes very low (5 2 %). This results in a
fairly wide bandwidth. The on/off ratio between 0 and 11 volts is shown in Figure 111.4(b) as

a function of wavelength. By defining the bandwidth as the range over which the contrast ratio

I
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is greater than 10, we have obtained a bandwidth of 3.4 nm. The same bandwidth will be

obtained if the bandwidth is defined in terms of the reflectivity in the off-state being smaller

than 5%, because the insertion loss is about 3-4 dB. In the center of the bandwidth, the peak

contrast ratio is 22 with an insertion loss of 3.7 dB. At the edge of this range where the

contrast is 10 the insertion loss is as low as 2.8 dB.

Figure II.4
(a) Narrow band spectra for reverse bias voltages of 0, 4, 8. and 11 volts for the same device structure as in
Figure M.3. The positions of the excitons and the Fabry-Perot modes are indicated by the voltage labels and the
dotted line, respectively.

(b) The on/off ratio between 0 and 11 volts as a function of wavelength. By defining the bandwidth as the range
over which the contrast ratio is greater than 10, we have obtained a bandwidth of 3.4 nm.
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When the exciton coincides with the FP mode, the resonance shape (reflectivity spectrum) is

far from Lorentzian but more like rectangular. This is due to the refractive index shift

associated with the exciton. Large positive (negative) index changes (- 1%) are expected to

appear on the longer (shorter) wavelength side of the exciton (now also FP mode), and these

index changes widen the FP mode. This "mode pushing" effect effectively increases the

optical bandwidth, as indicated later in Fig. 11I. 11

S111.3 Low-Voltage Design with Record Modulation Transfer Function

I Normally-on operation in the AFP modulator is achieved by using a pair of asymmetric mirrors

separated by a low loss active spacer layer to make the net reflectivity at the resonant

I wavelength high at zero bias. The off-level is provided by increasing the loss (e.g., electro-

absorption effect) in the cavity so that the effective reflection from the bottom grating viewed

through the lossy cavity cancels the reflection from the front end, as discussed above.

Increasing the front reflection could decrease the required amount of absorption and active layer

thickness product. We have increased the front reflectivity from 0.32 as described in the

previous section, to 0.78, so that the number of quantum wells required in the active region

could be reduced by a factor of = 3 (from 70 to 24). It shou'd be noted that although the

optical bandwidth in terms of contrast ratio decreases in the present devices compared to the

previous AFPs, at = 2 nm it still remains about half that of the room temperature exciton

I linewidth (= 3.5 nm).

The structure shown in Figure 111.5 was grown using molecular beam epitaxy. The bottom

mirror was made of 201/2 periods of alternating 725 A AlAs and 625 A A10.Ga. 8As layers

doped with Si to = 1018 cm- 3 grown on an n+-GaAs substrate. The active region has 24 pairs

of undoped 100 A GaAs/100 A Al 0 2GaO.8As MQW.

I Figure I.6 shows a broad band spectrum of such a structure without bias. The reflectivity is

relative to that of a gold mirror (Rmax = 98%). Measured FP mode positions agree quite well

I with a calculation in which the refractive index was taken from Ref. [17] and the MQW was

modeled as Al0 .1Gao.9As, as di:;cussed above. The modulation is applied to the center FP

mode. The extra valleys in the spectrum are due to heavy hole and light hole excitons, as

marked in Figure 111.7.
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Figure IH1.5
Schematic of the epitaxial structure of the low-voltage AFPM with a -78 % top mirror reflectivity.
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Figure 111.63 Broad-band spectrum without bias for the structure shown in Figure 111.5. The heavy hole (hh) and light hole

(lh) exciton position as well as the Fabry-Perot mode (FP) are indicated.
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Shown in Figure 11I.7 are the narrow band spectra for reverse bias voltages between 0 and -2.5

volts for the same device as in Figure M1.6. The positions of excitons and Fabry-Perot modes

are indicated. The exciton moves from 854 to 861 and 865 nm, as the field increases from 30

(built-in field) to 70 and 90 kV/cm, respectively. Small shifts of the FP mode are also

observable.

1.0

0.8 0

I 0.6

LuIII 0.4• I -1.4V

0
1; 0.0 -25€' -2.0V

850 855 860 865 870

Figure 111.7 WAVELENGTH (nm)

Narrow band spectra for reverse bias voltages of 0, -1.4, -2.0 and -2.5 volts for the AFPM structure in Figure

111.5.

Figure 111.8 shows the reflectivity as a function of voltage signal at the wavelength of 864.3

nm for another device on the same wafer. A highly non-linear reflection response as a function

of applied voltage is observed, as is typically found in FP-type modulators. The contrast ratio

in this case is more than 50 and the reflectivity changes more than 40 % when the voltage
varies from -I to -3 volts. Varying the operating wavelength, we have observed essentially the

same amount of reflectivity modulation, but the contrast ratio degrades to be below 10 dB as

the wavelength moves (more than = 1 nm) away from 864.3 nm. Therefore, the AFPM is

suitable for high-contrast mode of operation if the light source wavelength can be well

controlled. On the other hand, high M v tends not to be so sensitive to the wavelength

3 variations.

I
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APPLIED VOLTAGE (volts)I Figure 1II.8

Reflectivity versus applied voltage at 864 nm for the device shown in Figure III.7. The inset is the.
photocurrent tre.

i By defining a modulation transfer function (My) as the percentage reflection change per unlit

operating voltage swing, more than 20 %IV is achieved in our structures. That is, one needs to
apply only I volt to change the optical power by a quarter. Or, for sinusoidal modulation in a

I 50 Q2 drive system, full modulation depth requires only 10 mW of drive power. Such a device

is very suitable to be driven by modem high speed transistors which are usually operate with
votaesof~ 1-2 volts.

I Since the AFP is operated with the electro-absorption effect of MQW's, a strong photocurrent

signal is detected for all bias conditions. Note that the built-in voltage of =4.5 volts gives a
I ~ field of 30 kV/cm which is sufficient to provide the bias for detection. Shown in the inset of

Figure I111.8 is a photocurrent measurement as a function of bias voltage ,2so at 864.3 nim. The
detector response is voltage-dependent, as expected. Since the transmission through the AFPI is quite small (< 3 %), the frj,.iuii of the light timt is ..,bso[rbed in the active region (A) is

approximately equal to one minti, the reflected power relative to the input power (R), i.e. A -
l-R1 Sifthe input optical signatl crisa bit stream, temdlorcan busdas a detector.

Such a function has recently been demonstrated [1 ], and the results would be improved further
I with the low-voltage AFP nmodulators.

I
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111.4. Optimization of the AFPM

As far as device design is concerned, RT is one of the most important parameters to vary for a

given material with known electro-absorption characteristics. As RT increases, the aol product

required to change from on to off or vice versa is decreased. For a given absorption change,

the required cavity length, 1, decreases, and the applied voltage V decreases since V = F.1.

U However, the maximum reflection decreases and the range of a-l for which gives very low

reflectivity also decreases. The former effect indicates an increased insertion loss and the latter

effect means the device performance is more sensitive to design and fabrication errors.

Another factor responsible for the insertion loss is the amount of "residual" absorption when

the material is at minimum loss. With the QCSE, by choosing the FP mode wavelength, XFP

closer to zero-field exciton wavelength, Xex(O), smaller fields are required to shift the exciton to

the FP mode and also larger absorption can be obtained. From Eq.(5) we know that the

absorber thickness, 1, can be made small. However, due to the finite linewidth of the exciton,

the residual loss would be quite high, and therefore also the insertion loss. Furthermore, the

sensitivity increases as the top mirror reflectivity increases. Conversely, by choosing XFP

away from X,(0), lower residual loss can be obtained to decrea.;e the insertion loss. However,
the required field and absorber thickness increase, so the required voltage increases.

Using the excitonic electro-absorption model of Ref. [ 18], we have simulated the required

voltage to achieve _ 3dB insertion loss, as a function of RT, for AFP modulators. This is

given by the solid line of Figure I1.9. Note that the voltage here is defined as the product of

the field and the required cavity length, F.l. In PIN diodes, built-in voltages on the order of

1.5 volts are present, and can serve as a bias. As RT increases, V decreases initially due to the

decreases of required cavity length. But when RT becomes too large, the insertion loss

becomes very sensitive to residual loss, and rne needs to locate Xr, further away from the

zero-field exciton absorption edge to decrease the residual loss. As a result, larger fields, as

shown by the dashed line of Figure 111.9, as well as longer cavity length need to be used, and

the required voltage swing increases again until the insertion can no longer be limited to 3 dB.

The minimum voltage happens near RT = 0.76 which is the design used in Section 111.3.
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U Figure 111.9

The required voltage swing for the AFPM as a function of top mirror reflectivity (solid line). The required field

is also shown in dashed line.

111.5 Comparison of Various Fabry-Perot Modulators

In asymmetric Fabry-Perot structures, RT is made smaller than RB. One could also design a

structure with RT = RB, and use the the loss induced in the cavity to effectively decouple the

bottom mirror reflectivity. In the limit as the induced loss increased, the net cavity reflectivity

would tend towards RT. The design of the mirrors would be similar to the index-tuned Fabry-

Perot (SFPAn) modulator, in that the reflectivities would need to be high to minimize insertion

loss, and the cavity would be slightly asymmetric to compensate for residual loss in the

absorber. We refer to this absorption-tuned quasi-symmetric Fabry-Perot as SFPAt.

U To compare index- and absorption -tuned Fabry-Perot modulators, based on our previous

measurements, we make the reasonable assumption that the MQW material has a maximum

absorption change, Act = 4000 cr - and a maximum real refractive index change, An = 0.3 %.

I
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Note that (4t/),)(An/Aa) = 0.4. This being less than 1 indicates that MQW material is more
efficient in electro-absorption mode than in electro-refraction mode. All devices are modeled to
have 3 dB insertion loss at their on-state, and zero-reflection at the off-state.

Figure 111.10 plots the required cavity length to achieve the modulation between the on (50 %)
and off (0 %) states as a function of the top mirror reflectivity. The advantage of the AFP is
now obvious. SFPACt and SFPAn-type devices are found to be comparable in term of the
required cavity length. Data points shown in Figure 11.10 illustrate the agreement of our
experiments with the simple model.I

! SFPAnI 4L  'II~l

z B T
I S 3 SFPA---,

(RB=RT) %% % [7

2 AFPSl0 (R =1) [ % 9
II " ""-

W [13]
> 0,

0
| 0.3 0.4 0.5 0.6 0.7 0.8 0.9

TOP MIRROR REFLECTIVITY

Figure 111.10
A comparison of the required cavity length for various Fabry-Perot modulators. Actual device designs are also
indicated from the cited references.I
It should be noted that for the same RT, smaller required cavity lengths represent wider optical

bandwidth BW o because optical bandwidths are inversely proportional to the product of the
finesse and the effective cavity length, which is the sum of the actual cavity length and the3 grating mirror penetration length. More detailed discussions on optical bandwidths are given in

Section 111.6.

I
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111.6. Sensitivity Analysis

Resonator-type devices are known to be sensitive to operating conditions. Although the AFP

modulators mentioned above usually have low finesse (< 10), variations in wavelength,

voltage, temperature, and thickness uniformity will have some bearing on the stablility of the

device operation. We analyse these effects in this section.

In general, the AFP requires the right amount of absorption (ap) induced at the right

wavelength (X.p), near which wavelength (X&o) the optical signal is operating. The absorption

at XFp is determined by the applied field (F) and the relative wavelength shift between XFp and
X.x(0), the zero-field exciton position. Our design is to use Fto shift the exciton from Jcxrn)

to induce the required absorption ot to turn off the AFP as given by eQ.(5);:

i.e. a0 p = (21)-I In (RB/RT).

A variation in F and Xex(O) would cause the induced absorption, a, to be different from a,"

making the off-level non-zero. The on-level would of course be changed due to these

variations, but it is less sensitive than the off-level, because the latter is the one that determines

the contrast ratio the most. Therefore, the sensitivity is determined by the variation of the off-

level to the variations in wavelength and absorption. Variations in F are due to variations in

applied voltages, while variations in ex(O) could be due to thermal drift of the bandgap energy

and/or non-uniformity in the layers.

111.6a. Operating Wavelength Variations - Optical BandwidthI
When reflection modulators are in their off-state, the reflection stays low only over a certain

wavelength range, as shown schematically in the inset of Figure 1H. 11 (a). Assuming the on-

state is 50 % reflective and the system requires 10 dB contrast, the optical bandwidth is the

wavelength range over which Rff (off-state reflectivity) stays below 5 %. Following the

procedure in Ref. [9], we have the following expression for the allowable wavelength variation

AXop with respect to XFp:

2 1 -Rj2ff  (6
47tn(1 dn) (I + Lef.T +LeffB)I
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where XFp is the Fabry-Perot mode wavelength, I is the active region thickness, LeffT(B) is the

penetration depth in the top (bottom) grating, and Roff is the requirement on the reflection in

the off-state which is set at 5 % in our example. For convenience, we assume LeffT+Leff,B= I

pm, although the actual values depend on the design of the grating mirrors.

R

I (a)'EI _ _ _ _ _ __I I I I

* Exciton
:f0] Lin/ewidth

z [3

-

SSFPAnl REFCTVIT

I 0.3 0.4 0.5 0.6 0.7 0.8 0.9
(b) TOP MIRROR REFLECTIVITY

Figure 11I.11
(a) Schematic drawing for defining optical bandwidth. (b) Calculated optical bandwidth for SFPAn and AFP as a

function of top mirror reflectivity. Data points are also included from the indicated references.

Figure TH.1 l(b) plots the 10 dB optical bandwidth BW o , given by 2.1AXoP1 based on the active

region thickness requirement calculated in Figure 111.10 (Section 11.5). The measured optical
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bandwidths of various devices are also indicated. Reasonable agreements have been obtained,

and therefore the optical bandwidth of Fabry-Perot type devices is mainly determined by the

structure itself, rather than the material's electro-optical effect, because the optical bandwidth is

somewhat smaller than the exciton linewidth. The one exception is the AFPM with RT=0.3 2 .

Because thefinesse is only - 2, this device has a material-dimited optical bandwidth.

III.6b Voltage Swing Variations

Variations in voltage, i.e. variations in field, would cause the absorption in the MQWs at the

FP mode to deviate from design values. The analysis shown in Figure 111.12 models the effect

of variation of absorption on the off-level due to variations in field (F) and zero-field exciton

position (Xex(O))" Wavelength variation can also be interpreted as variation in the operating

wavelength or the position of the Fabry-Perot mode. So the variation in wavelength can be

discussed in terms of the difference of the operating wavelength (FP mode) and the zero-field

exciton position, AX XFp-.ex(O).

E 15r
C a 10I1O0kV/cn1I 'Fp(O) W0x(F)p,

z 10 RFP 5% FP-0%
-J

w

._ .45

I1 "
0 20 40 60 80 10

FIELD, F (kV/cm)
I Figure 111.12

Sensitivity of the applied field and the zero-biased exciton position. See the text for discussion.I
The inset of Figure 111.12 schematically shows the heavy-hole excitonic absorption as a

I function of wavelength under applied electric field. For a given Fabry-Perot cavity loss value,

a, one can trace the contours of field and wavelength shift (F, AX.) to give the same value at.

I
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Due to the Lorentzian shape of the excitonic line, there may be more than one branch of such

curves. In other words, under a given field there may be more than one wavelength shift (AX)

that gives e, as illustrated in the inset.

Figure 111.12 shows the absorption contours corresponding to R& -0 and 5 % for the 2 V AFP

modulator described in Section 11M.3. The dashed lines represent the contours for Rff=O%

(absorption=2271 cm-1). Due to the Lorentzian line shapes as mentioned, there are two

branches for Ro=0 %. For Roll=5 % there are two absorption values, 1324 (less loss) and

3770 (more loss) cm -t , shown in solid and dotted lines, respectively, as indicated. There are

four branches for Rff=5 %. There are two zones defined by the two different absorption

contours, within which zones Roff stays below 5 %. The two zones merge where the higher

loss contours stop, since the higher loss value is actually larger than the peak absorption of the

exciton. This condition is satisfied when the loss contour meets the exciton peak position trace

(also in solid line) as a function of field.

Our design is to locate the operating condition near the point where the two zones merge to give

the most tolerable operating variations. As one can see, the merged zone gets narrower as the

field or the wavelength shift increase. The experimental operating point is indicated by the dot

(Fop, AXo). It should be noted that the lower zone corresponding to the short wavelength side

of the heavy-hole exciton only represents partial information. The actual situation may be more

complicated due to the presence of the light-hole exciton and the onset of the continuum

transitions. To maintain low insertion loss, Xg-pex(O) should be kept above some value due to

the finite linewidth of the hh-exciton. For example, XFp Xex(O) needs to be >10 nm for

maintaining less than 3 dB insertion loss, although at this point we have experimentally

observed - 4dB insertion loss.

When the applied field is Fop, the tolerance in the wavelength shift is + 2 nm, as represented
by a segment of vertical line in Figure 111. 12 passing through the operating point to maintain

Roff < 5%. Note that this is the tolerance in XFp-.ex(O), not in the operating wavelength. The

I actual tolerance in the operating wavelength is more determined by the FP mode linewidth

(± lnm), as described in III.6a). Similarly, with the right wavelength shift, AX.P, the

1 tolerance in field variations is + 10 kV/cm as indicated by a horizontal line segment. For a

0.5 g~m thick active region, the tolerable voltage variation is = 0.5 volts, which agrees with

experimentally determined values as in Figure 111.8. This 20 % voltage tolerance represents the

sensitivity of the AFP offinesse 12 to applied voltage variations.

I
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lII.6c. Non-uniformity and Thickness Variationsi
Variation in thickness and composition would cause variation in Fabry-Perot mode position

and zero-field exciton wavelength. Assuming only the layer thickness is varied, the Fabry-

Perot mode is much more sensitive than the exciton position for the particular MQW structure

that we use (100A wells). Therefore the discussion can be focused on the effect of the Fabry-

Perot mode variations.

First of all, variation in the position of the FP mode would cause misalignment between the FP

mode and the operating wavelength, similar to section 11.6a. Thus, the tolerable FP mode

variation (AXFp) is again given by Figure lI.11(b): i.e.IAXFpI 1m, or IAXFAFp 1 0.12%.

This is probably the most severe constraint on AFPMs. If the operating wavelength can track

the FP mode, then the variation in FP mode causes the variation in XFp-Xex(0) as in Figure

11.12. In this case the tolerance is determined from Figure 111.12 to be IAkFpl < 2nm.

I III.6d. Temperature Variation

3 Variation in temperature causes a drift of the bandgap energy and a change of the refractive

index. The former changes the exciton position while the latter varies the FP wavelength.3 Figure m. 13 shows the temperature-dependent zero bias reflection spectrum of the AFPM

described in Section 111.3. The two reflection dips correspond to the heavy hole exciton and

FP mode, as indicated. As seen from Figure -111.13, the heavy hole exciton shifts three time

faster than the FP mode [19].

I Figure 111. 14 shows the temperature-dependent modulation of the AFPM as a function of

voltage. XOP is chosen to be XFP (862 nm) at 20 'C. The transfer function is smaller (=13

I %/V) than the peak value of 23 %/V, which is observed at another wavelength. One sees
immediately that as the temperature increases from 20 to 35 'C, the insertion loss initially3 increases due to the increased residual loss caused by the approaching of the exciton. After

that, the insertion loss does not vary much because X'OP and XFp are no longer aligned. As the3 temperature increases, the separation between Xex andkop decreases, so one does not have to

apply as large a field to shift the exciton to 'op, and the required voltage to achieve minimum

reflectivity decreases. Although the difference between high and low reflectivity decreases as

the temperature increases, the transfer function remains about the same 13 %/V from 15 to 30

'C, and degrades a little at 35 °C. However, the contrast degrades a great deal.
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Similar to the discussions in Section II1.6c, due to AXFP, the operating wavelength Xop is
misaligned with XFp and the tolerable AXFp is - ± 1 nm or ± 10 C for AFPMs. In addition to
AXFp, the exciton is also shifted, and FP- Xex(O) shifts at a rate of 1.8 A/TC. If the operating

wavelength tracks the FP mode, from the requirement of A(XFp Xex(0)) - ±2nm, we know that
the temperature tolerance is also - ±10 C. If the operating wavelength is fixed, the tolerance
in temperature would be less than 10 °C for high contrast. On the other hand, large reflectivity
change can be obtained with much larger operating tolerances.It exbeoerminsntheioeratin

It is interesting to note that without the FP resonance, Xex(0) determines the operating
wavelength. For a fixed operating wavelength, the tolerance to temperature variations is

smaller because is larger than On the other hand, if the operating wavelength
sauT

tracks the exciton, the tolerance to temperature variations is much larger.

I
111.7 Superlattice AFPM with a Normally-Off Characteristic

U Although ' 1 of the work on AFP modulators discussed in the previous sections has used the

quantum confined Stark effect (QCSE) in QWs, we have also demonstrated a device which
exploits the Field Induced Stark Localization effect in a superlattice (SL) [20], for which we
described initial experimental results in our previous report. By "superlattice" we mean a
structure where the wells and barriers are of a thickness such that the quantum-confined
energy states are no longer sharply defined, but broadened into minibands in the absence of an
electric field. In contrast to the absorption-edge red shift in QWs due to the QCSE, the SL
absorption edge shifts to the blue with increasing field due to the localization of extended states
in both conduction and valence minibands in the SL. Essentially the absorption edge sharpens
up with bias. This phenomenon, generally referred to as Wannier-Stark localization [21], has
been observed at room temperature [20] and potentially offers lower voltage operation than the

QCSE.

3 Our SL-AFP [22] contains a SL (1(00 1/2 pairs of 30A GaAs / 30A Al0 .3Gao.7As) active layer
in between a highly reflective bottom mirror, which is a quarter-wave (X/4) stack (15 1/2
periods of alternating 618A AlAs and 535A Al0 .3Ga0 .7 As layers), and a less reflective top
mirror, which is an air-semiconductor interface (R = 0.3). The off-level of the SL-AFP at
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zero-bias is achieved by aligning the Fabry-Perot (FP) resonance at the appropriate wavelength

relative to the low (or zero) field absorption edge with enough absorption so that the effective

reflection from the bottom mirror viewed through the absorptive cavity cancels the reflection

from the top. The on-level is attained by reducing the cavity loss using a field-induced blue

shift of the SL absorption edge upon application of sufficient field.

I Fig. 111.15 shows the narrowband spectra of the SL-AFP device under different reverse
biases. The reflectivity at the zero-bias Fabry-Perot mode increases with increasing bias and

reaches a value of 25% at -8V.
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Figure III.1S

Narrowband reflection spectra of the SL-AFP device under different reverse biases.

Fig. I. 16 shows the photocurrent measurements of the SL-AFP as a function of wavelength

at various reverse biases. The photocurrent (Iph) spectra are voltage dependent as are the
reflectivity counterparts. In this device, the fraction of light that is absorbed inside the cavity's

active material is approximately equal to one minus its resultant reflectivity since the

transmission through the SL-AFP is only a few percent. At 7h -'aro-bias resonant wavelength

I
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(= 7620), the net reflectivity RFP of the SL-AFP is essentially zero when there is sufficient
but not excessive loss inside the cavity. Therefore the incident light is totally absorbed and the

Iph is at its maximum at resonance. As the applied electric field is increased beyond the built-in
value, RF, is turned on by reducing the cavity loss at resonance through the blue-shifted
electroabsorption effect of Wannier-Stark localization in the superlattice. The kph around the
resonance wavelength decreases with increasing field as a result. There is a progressive
emergence of a peak at = 7460A with increasing field which is due to the recovery of the QW
exciton as a result of Wannier-Stark localization. Fig. 11.16 shows that negative differential
resistance is observable over a wide range of wavelengths (- 7500A to 7650). The existence
of this negative differential resistance is a necessary condition for successful demonstration of a
Self Electro-optic Effect Device (SEED) [23].

FP mode
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I Figure 111.16
Photocurrent spectra of the SL-AFP at different reverse biases. The structure exhibits negative differential

resistance over a wide range of wavelengths (-7500A to 7650A). The inset shows the experimental schematic
for the photocurrent measurement where conventional lock-in technique was used.

I
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S111.8 Superlattice AFP Self-Electro-Optic-Effect Device (SEED)

There has been considerable interest in optical switching devices using both semiconductor

quantum wells (QWs) and superlattices (SLs). SEEDs are one class of such devices, and are

promising elements for future optical information processing systems. The term "SEED"

generally applies to any combination of modulator and photodetector which allows the optical

output of the device to be set by an optical -iap#U Jze -qua*,tum well SEED (QW-SEED), a
MQW modulator is usually connected in series with-a reverse-bias voltage supply and a load

element such as a simple resistor. By increasing the incident light intensity at an operatingI wavelength which coincides with the zero-field QW exciton peak, switching and optical

bistability due to positive feedback can be obtained L23]. Also, a morejphisticated load such

1 as a photodio&e (or another similar modulator) can be connected in seri= t f rm a diode

SEED (D-SEED) [24], or a symmetric SEED (S-SEED) (25] to achieve better bistability loop

characteristics.

We have exploited the potential of the SL-AFP as a very high-contrast normally-off modulator

by connecting the SL-AFP in series with a photodiode and a reverse-biased voltage supply to

form a high performance superlattice Fabry-Perot self-electro-optic effect device (SL-FP-

SEED) [261.

I The SL-FP-SEED configuration is shown in Fig. 1II.17(a) where the SL-AFP is connected in

series with a Si photodiode and a reverse bias voltage supply ( = 7.5 volts). When both the

control beam (power Pind) signal beam (power Pin2) are incident upon the Si photodiode

and the SL-AFP respectively, they give rise to photocurrents in the circuit. The current

through the Si photodetector must be equal to that through the SL-AFP at steady state, and the

voltage across it adjusts itself to ensure this condition is satisfied. The reflected optical output

(power Pout2) from the SL-AFP is modulated as the voltage across it changes. The operation

of this device can be readily understood by considering the photodetector as load for the SL-

AFP, as shown in Fig. 111. 17(b). Here the Si photodetector input in,_ensity is varied and that to

I the SL-AFP modulator is fixed. The device is bistable whenever there are three intersection

points [23], and this will be the case if the SL-AFP is operated at a wavelength where

Sabsorption decreases with increasing voltage. Like the S-SEED [251 this device will only be

bistable when the optical input power levels are comparable (line B), and only one single state3 will exist if the incident power onto the SL-AFP is much higher than that onto the Si

photodiode and vice versa (lines A and C respectively).
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I
0 Vbias V
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I Figure 111.17
(a) Schematic set-up of the SL-AFP-SEED. Pin, and Pin2 are the incident light power of the Si photodiode and

I the SL-AFP, respectively. Po,2 is the reflected output power from the SL-AFP that can be switched by varying

Pin'.

(b) Load lines of both the SL-AFP and the Si photodiode. Solid curve is the photocurrent vs voltage for the3 SL-AFP at one particular input intensity Pin2" Dashed lines are the photocurrent vs voltage for the Si

photodiode at three different input intensities Pin,. Line B shows that the device is bistable because there are

three intersection points between the SL-AFP and the Si photodiode load lines.
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1
I

Fig. 11.18 shows the reflected power from the SL-AFP as a function of applied voltage at a
wavelength - 7620A. The reflected power reached the zero line when the incident light onto
the SL-AFP was blocked. A high contrast ratio of >100:1 has been obtained at this
wavelength.

I
3.0

(a)

P1n2 2=10 gJw

I2.0 -X 7623A

I !3 .
~1.0

I ~Zero line

1 0 0 2.0 4.0 6.0 8.0

Applied Voltage (volts)I

Figure 111.18
Reflected power of the SL-AFP as a function of voltage at the wavelength 7623A. The reflected power reached
the zero line when the optical input beam onto the SL-AFP was blocked.

I With the SL-AFP in the SL-FP-SEED configuration (Fig. III. 17(a)), we tested for optical
bistability by shining light onto the Si photodiode using a commercial GaAs laser diode and
illuminating the SL-AFP with the Ti:sapphire laser. The output power of the Ti:sapphire laser
was set to be constant for each nieasurement. The GaAs laser power was ramped up and down3 to cause the SL-AFP's output to ,,A itch state.

Fig. 111.19 shows the reflected optical power (Pout2) from the SL-AFP as a function of incident
intensity (Pinl) onto the photodiode for two different signal beam powers (P:- 2 ). Optical

I
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I bistability in the SL-AFP's reflected power with respect to the photodiode's input power could

clearly be seen. As shown in Fig. 111.19, an on/off ratio of about 130:1 in the reflected power

I output was also attained. The output of the device also scaled linearly with the Pin2. Likewise,
the device's bistability loop width also varied proportionally with Pin2, as expected [23].

I Optical bistabilty could be observed in a wide spectral range and an on/off ratio of more than

10:1 was obtained over an optical bandwidth of 30A.I

I 3.0
(b) Pin2=10w

2.0-
PIn2= 5.7gw

1.0 4.

X. =7623A

0 ~ L 100"' 2.0 4.0

Pi1 (9w)

Figure 111.19

Output power (Pout2) reflected from the SL-FP-SEED vs control power (PiI) for different signal powers (Pin2).

An on/off ratio in Put2 of -130:1 was attained.

The potential advantage of incorporating SL-AFP into SEEDs can be further extended by

connecting two such modulators in series with a reverse-bias voltage supply to form a high

performance S-SEED. The external bias voltage of such an S-SEED can also be reduced or

eliminated by employing SL.AFPs with lower operating voltage, obtained by properly
reducing the active region thickness and increasing the top mirror reflectivity.

-38-



I
I

IV. High-Frequency Operation of Fabry-Perot Modulators
I

The modulation measurements we have discussed in this report (and in previous ones) have all

been taken at relatively low frequencies, our intent being of course to demonstrate and compare

the capabilities of various device structures while keeping post-growth device processing to a

minimum. Modulation speed is, nevertheless, extremely important for most of the information

processing and optical interconnection applications whose promise sparked our interest in

Fabry-Perot modulators in the first place. Since our last report, we have demonstrated 6.5

GHz small-signal modulation in a symmetric FP structure, and we are currently working

towards the fabrication of devices which should run at 30 to 50 GHz.

IV. 1. Device Structure and Fabrication

Our original Fabry-Perot modulator fabrication process consisted simply of evaporating p-

contacts onto the MBE-grown material and then cleaving the wafer into reasonably small pieces

for testing. Growing the FP dtalons on N+ GaAs substrates enabled us to contact the n-doped

mirror through the substrate, but the resulting devices were relatively large and slow.

In order to achieve higher-frequency modulation, we incorporated a highly-doped n-contact

layer into the FP cavity to eliminate the series resistance through the substrate and back mirror,

developed a two-level mesa fabrication process to delineate smaller, lower capacitance devices,

and integrated these smaller devices with 500 coplanar microwave probe pads. To further

reduce the series resistance, we graded the heterojunctions in the p-mirror. Figure IV- 1 shows

both cross-sectional and top views of a high-speed symmetric FP modulator identical to the one

discussed in section II, except for the modifications just mentioned.

The high-speed fabrication process we chose to implement first (because of its relative

simplicity) consists entirely of "wet" processes and is limited to devices no smaller than about

40ptm on a side. The devices we fabricated have dimensions 40g.m x 40m, 60im x 60g.m,

and lOOgm x lO0 m.

I
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I Figure IV-I_

Cross-sectional and top views of a high-spced symmetrc Fabry-Perot modulator.
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IV.2. Electrical Characterization

Before optically testing our high-frequency modulators, we characterized them electrically both

at DC and at microwave frequencies (using a network analyzer). First, we measured the sheet

resistance of the n-contact and p-mirror layers as well as their respective contact resistances
using TLM patterns on our mask. We also measured the capacitance of the three sizes of

diodes. With these values we estimated the capacitance and series resistance of the devices.

Then, using short and open calibration standards also included in our mask, we determined the

equivalent circuit of the coplanar probe pads as shown in Figure IV-2, and measured the S1 of

each device with the network analyzer.

microwave probe pads modulator diode

Figure IV-2

Equivalent circuit for a high-frequency modulator.

The resistance and capacitance values we extracted from these measurements agreed quite well

with the values we calculated from our DC measurements. The table below details the

* 3 measured resistance and capacitance of the modulators, the values of ft = l/RC corresponding

to the measured values of R and C, and, for easy comparison, the 3dB frequencies we
determined from our small-signal optical measurements (discussed in section IV-3).

I electrical 3dB
electrical measurements frequency (GHz)

nominal 
at freq.

diode size R (Q) C (pF) (GHz) predicted measuredU
40oLm x 4On 36 0.28 5.0 66 6.5

I 6om x 60 1am 20 0.62 4.0 3.3 3.3

1OOm x 100Wm 14 1.71 1.2 1.5 1.0

I
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II

I IV.3. Small-Signal Modulation Results

I With our estimated 3dB frequencies in hand, we set out to measure the small-signal modulation

of our devices, using the apparatus pictured in Figure IV-3 (an extension of the dye laser set-up
described in our last report). The measured modulation efficiency as a function of frequency

for the three sizes of diodes is shown in Figure IV-4. The calculated performance given is

simply the RC-limited response of the diodes. The fact that the theoretical and experimental

curves agree so well implies that the speed of the devices is in fact limited by their resistance

and capacitance, and not by material considerations such as carrier trapping in the quantum

wells. We attribute the ripple which appears at about 2 GHz to uncalibrated reflections from

the interface between the coaxial cables and the coplanar waveguide microwave probe.I |
Ti-sapphire camera i

Ioo 
laser input

=" video monitor

high-frequencyInGaAs detector F =

.... microscope

objective DC biasIe to modulator

detector bias ne
high-frequency

probe

T~HIP 8340

HP 8566B radio frequency source
spectum analyzer

Figure IV-3

Optical Small-Signal Measurement Apparatus
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(a) Measured and calculated optical response of a 42 x42 pim diode.
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(c) Measured and calculatd optical response of a 102 x102 pm diode.

The performance of the modulator is sensitive to both bias and operating wavelength. The
i relative modulation efficiency (Figure IV-5) is fairly constant versus bias over a several-volt

range, but is quite sensitive to the wavelength, as one would expect for a symmetric FP

modulator.

I 0o
0

I .2

" -4I "
-6

-8 X. :900.5 nm
-10 [ .

5 10 15
VS (V)

Figure IV-5
(a) Relative modulation efficiency at 100 MHz as a function of electrical bias for a 62 x 62 pm diode.
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(b) Relative modulation efficiency at 100 MHz as a function of operating wavelength for a 62 x 621im diode.

We used a 4 dBm electrical signal for this measuranent
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-52-



- Ms. C.C. Barron: Graduate Student Researcher
Carole Craig Barron received a B.S. with highest honors in Electrical and Computer

Engineering and a B.A. with highest honors in the liberal Arts from the University of Texas at

Austin in 1988. She began working with Prof. Coldren in the spring of 1989, and completed
her M.S. at UCSB in December of that year. She is currently concentrating on the design and
fabrication of extremely high-speed Fabry-Perot modulators.

-- Dr. M. Whitehead: Visiting Research Engineer

Mark Whitehead received the B.Sc. degree from Imperial College, University of London,
England, in 1984. From 1984 to 1985 he worked as an Associate Research Assistant at

m University College London, England on a project to investigate GaAs-AlGaAs multiple
quantum well optical modulators. During the period 1985-1988 he was enrolled in the Ph.D.
program at University College, working on the same project. He took up a position as a Post-
doctoral Research Assistant in 1988 at the same establishment, and it was during this period
that he proposed and demonstrated the first multiple quantum well asymmetric Fabry-Perot
modulator. In 1990 he received the Ph.D. degree from University College. He moved to the

University of California Santa Barbara, in May of 1990, in order to take up a posit;ion as a
Visiting Research Engineer, working on the optimization of surface normal resonant cavity
modulators.
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